Spectrally-peaked proton beams (Ep ≈ 8 MeV, ∆E ≈ 4 MeV) have been observed from the interaction of an intense laser (> 10 19 Wcm −2 ) with ultrathin CH foils, as measured by spectrallyresolved full beam profiles. These beams are reproducibly generated for foil thicknesses 5-100 nm, and exhibit narrowing divergence with decreasing target thickness down to ≈ 8
The interaction of high intensity lasers with opaque plasma has been widely investigated as a source of multiMeV ions. Micron thickness foils irradiated by intense lasers produce sheath fields that accelerate protons to high-energy [1, 2] . However, these sheath accelerated beams characteristically have a thermal spectrum.
The effect of multi-species targets on ion acceleration and spectra has been widely investigated [3] [4] [5] [6] . Schemes to reduce the energy spread of sheath accelerated beams often rely on spatially localising the protons within a mixed species foil. This was first demonstrated by manufacturing targets with the required ion species localised at the rear of the target [7, 8] . A similar effect can be achieved by pre-expanding the foil [9, 10] , so that the protons can be separated from a trailing lower charge-tomass ratio host ion species.
Simulations have shown separation of species can also occur when a single high-intensity pulse interacts with multi-species ultrathin targets [11] [12] [13] . Measurements of proton beams accelerated ahead of ∼10-100 nm foils have been recently reported [14, 15] . The foils were driven by radiation pressure acceleration (RPA) [16] [17] [18] , using high-Z foils with τ ∼ 1 ps laser pulses [14] or carbon foils with τ ∼ 50 fs [15] . The proton layer was 'buffered' from direct interaction with the laser by the presence of the lower charge-to-mass ratio species, giving a compression in spectrum as well as a modest energy boost. Buffering may also insulate protons from transverse instabilities that occur during RPA [19] .
Recent experiments have also demonstrated enhanced acceleration from ultrathin targets when the plasma electron density, n e , drops below the relativistic critical density, γn c [20] [21] [22] [23] [24] . Removing protons prior to interaction resulted in higher carbon energies [25] . However, in a multi-species target, protons should exhibit buffered acceleration in this regime also.
We present the first observation of buffered acceleration of protons from ultrathin (5-100 nm) carbon foils in the relativistic transparency regime. Narrow energy spread proton beams were observed using beam profile stack detectors and high resolution spectrometers. This allowed, for the first time, full spatial characterisation of the spectrally modulated beams. The beams had typical peak energy E p ≈ 8 MeV, corresponding to a velocity equal to that of the carbon ion front, and ∆E ≈ 4 MeV. The full-angle beam divergence reduced with decreasing target thickness down to ≈ 8
• for 5 nm foils. Simulations demonstrate that the narrow divergence, narrow energy spread feature is accelerated ahead of, and buffered from, filamentation due to transverse laser-matter instabilities.
The experiment was performed at the Vulcan Petawatt facility at the Rutherford Appleton Laboratory. A single plasma mirror, irradiated at I pm = 3 × 10 14 Wcm −2 , enhanced the laser contrast to ≈ 10 −10 [26] . The resulting (130 ± 20) J, τ ≈ 700 fs pulse was f /3 focussed with 35 % of the energy within a focal spot 1/e 2 width w 0 = 8 µm measured at low power. Since this is not measured at high power, this implies a maximum possible vacuum intensity of I L = (9±2)×10
19 Wcm −2 . The laser was either linearly (LP) or circularly (CP) polarised, and normally incident onto diamond-like carbon (DLC) foils of thickness d ∈ 5-500 nm. These comprise ≈ 90% C/10% H by number [19] , and additionally feature a nm scale hydrocarbon impurity layer.
The proton beam profile was diagnosed using a radiochromic film (RCF) stack 10.6 cm from the interaction, allowing observation within a 25
• full angle. Due to the enhanced stopping of protons at the end of their range, the dose deposited in each layer of the stack is dominated by a small range of proton energies, E. Carbon ions would require > 80 MeV to pass through to the first RCF. The small numbers of carbon ions measured at these high energies means their contribution to the dose could be neglected. Higher energy resolution spectra were recorded by three Thomson parabola (TP) spectrometers. The TP sampled the beam at 0
• , -11
• and +20
• behind a horizontal gap in the stack (see fig. 1 ). The TP use co-linear magnetic and electric fields to separate ion species by charge-to-mass ratio and disperse them by energy before they are detected by calibrated Fujifilm imaging plate [27] .
Examples of proton beam profiles are shown in fig. 1 for both CP and LP with targets of d = 5-100 nm. The gap for TP access is shown to scale. For protons with energy E = 4 MeV, the beam is dominated by an annular ring with divergence angle > 20
• . This ring structure was characteristic for all polarisations and thicknesses. On occasion the ring structure was directed into the -11
• TP
FIG. 2. a) H
+ spectra from all TPs from LP, 20 nm target shot shown in fig. 1c . b) H + (solid) and C 6+ ion (dashed) spectra for three different thicknesses (in nm).
revealing a high-flux (
On the 9 MeV profiles the annular ring has disappeared for all target thicknesses. Instead, there is a narrower divergence circular beam near the laser-axis for all targets between 5 and 100 nm. The central beam has a full angle divergence θ < 20
• , and becomes less divergent for thinner targets. For d ≤ 20 nm, there is a filamented halo surrounding the central beam, similar to previous reports of a Rayleigh-Taylor-like instability [19] . The filamentation is not transposed onto the central beam, suggesting the source of the two populations is different. By the E = 15 MeV slice, the distinct central beam has disappeared in all but the thinnest targets.
Proton spectra from all three TPs for a 20 nm target are given on a log scale in fig. 2a , showing a pronounced peak with energy E p = 8 MeV, and energy spread ∆E ≈ 4 MeV, but only at 0
• . The peaked spectrum is shown on a linear scale in fig. 2b , along with on-axis spectra for d = 5, 100 nm targets. Using the divergence from the 9 MeV beam profile, integrated over the spectrum gives (3 ± 1) × 10 11 protons within the spectral FWHM for d = 20 nm, with a conversion efficiency of laser energy of ≈ 0.25%. The corresponding broadband carbon spectrum are also plotted, and show a maximum velocity ≈ 3 × 10 7 ms −1 that corresponds to the start of the H + peak. The protons in the peak have evidently outrun the C 6+ front, and are shielded from the laser-plasma instabilities driven in the denser carbon plasma.
On shots featuring this buffered beam, a highly divergent but comparatively low flux proton beam was also measured on both the RCF stack and the TP reaching higher energies (E max ≈ 20-30 MeV). This component is visible at ≈ 15 MeV in fig. 1a-d by enhancing the picture contrast. This population of protons was sufficiently divergent to be routinely observed on the 20
• TP, well outside of the divergence of the ring structure.
We note that these beam profile measurements highlight the need for both beam profile and spectral measurements when reporting narrow energy spread ion beams from laser matter interaction, as the beam properties can vary strongly with angle and cannot be extrap-
The buffered on-axis beam was generated reproducibly on all shots for foil thicknesses between 10 and 100 nm for both CP and LP. The energy of the peak and its energy spread is shown over this range in fig. 3a , including both LP and CP. Both polarisations showed similar results for d ∈ 20-100 nm. However for d = 5 nm, only CP resulted in spectrally peaked beams, LP resulted in a thermal spectrum with E max ≈ 5 MeV. Due to this marked difference this data has not been included in fig. 3 . CP allows acceleration of thinner targets, presumably due to reduced target heating resulting in the target remaining intact for longer. No peak was observed for d = 500 nm.
Also plotted in fig. 3a are the maximum carbon and proton energy per nucleon, E max , as observed on any of the TP, averaged over multiple shots. The maximum energy was most often off-axis on the 20
• TP. E max for the C 6+ ions correlates well with the proton peak energy, E p , confirming that their velocities are linked. Fig. 3b shows that the divergence of the central beam decreases with decreasing target thickness, as was apparent in fig. 1 , down to ≈ 8
• for d = 5 nm on the 9 MeV slice. By contrast, the low energy ring size, measured at 4 MeV, remains around 26 ± 5
• , indicating that these are two separate populations.
The experiment was simulated with the 2D particle-incell (PIC) code OSIRIS [28] in a box of 160 × 80 µm with cell size 4 × 10 nm. The target was a plasma composed of 90/10% of C 6+ /H + by charge density with n e = 1000 n c , and 2500 particles per cell for each species. Foil thickness, d, was varied between 5 and 100 nm. The electron temperature was initialised at T e = 200 eV, resulting in some expansion of the target before the arrival of the high intensity laser pulse, relaxing the resolution constraints for the simulation [23] . The laser was initialised with CP and gaussian transverse and longitudinal field profile with focal spot size w 0 = 8 µm, pulse length τ = 650 fs, and a 0 ≡ eE 0 /mcω 0 = 3.
For a foil of d = 10 nm, the thickness is comparable to the skin depth c/ω p . Nearly all the target electrons in the focal spot are heated to the instantaneous ponderomotive potential and sheath formation is enhanced, causing the target to expand during the rising edge of the laser. As the laser intensity increases, the radiation pressure, P R , of the pulse exceeds the plasma thermal pressure P t , or I L /c > n e k b T e , and the front surface begins to recede. In this stage, the front surface is prone to transverse Rayleigh-Taylor like instability [19] , enhancing decompression of the target and quickly causing it to become relativistically transparent to the laser. The electron and ion charge density in this phase is shown in fig. 4a ,b. There is a longitudinal electric field E x inside the transparent region. Due to their higher charge-tomass ratio, the protons accelerate faster than the C 6+ ions, and therefore quickly spatially separate ( fig. 4b) . Fig. 4c shows the temporal evolution of the on-axis forward momentum p x of the protons along with p x,max of the carbon ions. Once the target becomes relativistically underdense, as indicated by the dotted black vertical line, both the electron temperature and the ion kinetic energy quickly increase. The electrons are volumetrically heated and exchange energy with the ion species via streaming instabilities [11, 20] . The ions energy gain occurs mostly in this phase where the target is relativistically transparent (n e < γn cr ), and is not due to radiation pressure [23] . Energy is gained from the fields within the target due to the volumetric heating [20] , and also those due to the sheath fields ahead of the carbon front.
Below a cutoff energy E c , there are almost no protons, which results in peaked spectra when sampled on-axis similar to those observed experimentally ( fig. 4d ). Due to their lower charge-to-mass ratio, the protons quickly outrun the carbon ions, gaining a minimum velocity equal to the velocity at the carbon ion front v c . In this case, this happens shortly after the target becomes relativistically transparent, but in general depends on the ratio of protons to carbon ions. Though the carbon ions have a strong transverse modulation, which would be witnessed as a strongly filamented carbon ion beam, most of the protons have been buffered from this filamentation.
At later times, the minimum proton energy in the buffered layer increases, following the energy of the carbon ion front, whose energy rises quickly initially before saturating. The maximum proton energy increases due to acceleration in the sheath. This leads to a high energy proton component with wide angular divergence, as witnessed as a low signal background in the experiment.
Expulsion of protons from the carbon sheath is apparent in their p x p y phase space as seen for the thinnest target, d = 5 nm, in fig. 4e . An additional low divergence component (≈ 4
• ) is also visible close to the axis. In the initial phase of the expansion, electron heating is localised to a small transverse extent similar in size to the longitudinal extent of the expanding plasma ∼ w 0 . The appreciable transverse to longitudinal electric field ratio E y /E x ≈ ∂ne ∂y / ∂ne ∂x ∼ 1 3 , results in a rapid transverse expansion and a proton density minima on laseraxis, shown in fig. 4f . The remnants of this initial expansion are responsible for the ring observed at low energy on our RCF. This is a feature of longer pulses (τ ≈ 1 ps) and is in contrast to the case for ultrashort pulses [29] .
The sheath of this self-generated cone has a focussing effect on trailing protons still being accelerated within the evacuated region. This is similar in action to other lasertriggered charged particle lenses [30, 31] . The focussing field, shown by the contours in fig. 4f , is maintained until the end of the interaction, producing a collimated beam on-axis. For thicker targets, there are sufficient protons in the target that a larger fraction remain in the central region, reducing the collimating E y field and leading to a wider divergence for the buffered protons. LP simulations showed very similar behaviour to CP, apart from a slightly faster initial expansion.
Further simulations were performed for d = 20 nm targets, varying a 0 . For a 0 < 2, the target remains overdense throughout the interaction, and the radiation pressure never overcomes the plasma pressure, leading to sheath acceleration being dominant. For a 0 > 4, the target becomes transparent before the peak of the pulse, and both species gain energy during the relativistic transparency stage, as in fig. 4c . However, for a 0 = 8.5, as expected for the experimental parameters, E p = 35 MeV, significantly higher than experimentally measured. The lower energies observed imply a lower intensity at focus, which is likely to be due to poor near-field uniformity of the laser combined with hydrodynamic expansion of the plasma mirror for a τ ≈ 1 ps pulse. For d = 20 nm, the simulations suggest E p ∝ a 0 , following a ponderomotive scaling, although energies can be optimised for a target thickness dependent on the laser intensity [20] . The peak proton energy is also strongly dependent on the ratio of carbon to proton mass in the target [25] , with a trade-off between higher energy but fewer protons.
In conclusion, by using relatively long pulse and ultrathin carbon foils we can simultaneously operate in the relativistic transparency regime with its enhanced efficiency and generate buffered, self-collimated beams with reduced energy spread. The buffering is of importance for the acceleration of ultrathin foils that are naturally prone to instabilities, making this an interesting source of laser generated protons.
